Intrinsic and acquired resistance to conventional and targeted therapeutics is a fundamental reason for treatment failure in many cancer patients. Targeted approaches to overcome chemoresistance as well as resistance to targeted approaches require in depth understanding of the underlying molecular mechanisms. The anti-cancer activity of a drug can be limited by a broad variety of molecular events at different levels of drug action in a cell-autonomous and non-cell-autonomous manner. This review summarizes recent insights into the adaptive mechanisms used by tumours to resist therapy including cellular phenotypic plasticity, dynamic alterations of the tumour microenvironment, activation of redundant signal transduction pathways, modulation of drug target expression levels, and exploitation of pro-survival responses.
Introduction
Our understanding of the molecular drivers of cancer has increased remarkably during the past two decades. The Cancer Genome Atlas program (http://cancergenome.nih.gov) has identified a remarkable range of recurrent gene mutations and structural rearrangements underpinning tumourigenesis. In concert with this, the pharmaceutical industry has developed scores of molecularly targeted therapeutics with ever increasing precision that potently block these mechanisms. In spite of this progress, acquired resistance to chemotherapeutic and targeted agents is responsible for the lack of durable clinical responses for many cancer patients. Cancer remains a leading cause of death worldwide, and according to the WHO estimates more than half of current adults under the age of 65 years are expected to be diagnosed with cancer at some point during their lifetime. 1 The confounding reality for anti-cancer drug development is the bewildering adaptive aptitude of tumour cells. 2, 3 In response to therapeutic challenge, tumour cells exploit both genetic (mutational) and epigenetic (phenotypic) evasive mechanisms. This is manifested in tumour heterogeneity; comprising oncogenic mutations that initially engendered uncontrolled clonal growth and acquired mutations during tumour clonal evolution as well as epigenetic reprogramming affecting the expression of hundreds of genes required for cellular phenotypic programs. Delineating these adaptive mechanisms of treatment resistance is crucial in order to develop durable therapies for cancer patients. In this review, we will discuss recent insights into adaptive anti-cancer drug resistance mechanisms that might enable us to refine current treatment strategies. These resistance mechanisms include altered tumour phenotypic heterogeneity, dynamic tumour microenvironmental changes, increased expression of drug transporters, activation of redundant and alternative signal transduction pathways, alterations in DNA damage repair, enhanced drug target expression levels and adaptive prosurvival cellular responses.
Tumour phenotypic heterogeneity
Cancer is caused by genetic mutations. However, in recent years it has been recognized that non-genetic (epigenetic) changes are critical contributors to malignant development. The heterogeneity of tumours is a key driver of drug resistance and therapeutic failure. 2, 4, 5 This intra-tumour heterogeneity comprises both genetic and epigenetic components distinct from the founding immortalized cell. New agents that target proteins involved in chromatin regulation are important supplements to the approved small molecule drugs that inhibit specific mutant oncogenes (e.g. erlotinib for mutant EGFR). These new agents affect epigenetic regulators such as "chromatin readers" that comprise specialized binding domains and recognize distinct nucleosome modifications. 6 For example, inhibitors targeting the bromodomain prevent interactions between BET proteins and acetylated histones that affect gene regulation. Tumour heterogeneity supports a view of cancer as an abnormal tissue comprising a complex interplay between tumour cells and the normal cellular counterparts in the organ in which they reside. 7 The deterioration of normal tissue structure during cancer progression presents tumour cells with unprecedented biophysical and nutritional challenges. In response, tumour cells coopt cellular plasticity programs that govern normal embryonic development, wound healing and adult organ homeostasis that allow access to adaptive cellular functions. 8, 9 Hence, tumours display remarkable phenotypic heterogeneity comprising cells of various levels of phenotypic plasticity. Importantly, the ability to adapt and transition between different cellular phenotypes will in turn increase the likelihood of tumour cell survival. 10 For example, carcinomas, the epithelial-derived tumours that represent nearly 80% of human malignancies, have been shown to display a cellular phenotypic diversity reflective of the epithelial cell hierarchies present in normal tissues. Acquisition of such phenotypic diversity provides the carcinoma cells with an expanded repertoire of cellular functions, mirroring the hierarchical and diverse cell-type composition required to form and maintain homeostasis in adult organs.
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An important example of cellular phenotypic plasticity is the epithelial-to-mesenchymal transition (EMT). EMT is an evolutionary conserved process by which epithelial cells reversibly abandon their characteristic cell polarity and cell-cell adhesions, in favour of migratory and invasive properties typical of mesenchymal (fibroblast-like) cells during embryonic development and wound healing. 9, 14 The epithelial and mesenchymal cell states represent opposite ends of a spectrum differing in morphological characteristics and functional abilities. In a physiological context, epithelial cells are highly organized and closely connected to provide critical polarized barrier functions in tissues, while the mesenchymal cells are only loosely connected and display a spindle-shaped morphology reflective of their migratory behaviour. Cells undergoing the highly regulated molecular transition EMT, simultaneously alter the expression of hundreds of genes, including cytoskeletal, adhesion and signal transduction proteins. 4, 15 In cancer, EMT is associated with resistance to chemotherapeutics, immune evasion, metastasis and poor clinical outcome.
14, 16 Thomson et al. conducted a systems-level proteomic analysis of the changes that occur during EMT in lung cancer cells. 15 They categorized the cells into three different EMT states; epithelial, "metastable" mesenchymal, and "epigenetically-fixed" mesenchymal, and further identified a number of transcriptional and protein regulatory changes during EMT including cell-cell junctional proteins, increase in pro-invasive and pro-migratory properties, changes in metabolic pathways and changes in secreted cytokines with the ability to modify the tumour microenvironment. 15 During EMT they observed changes in pathways that promote cell survival and resistance to cancer therapies. These included a shift away from EGFR, IGF1R and Met/Ron signalling, and activation of autocrine survival networks including IL11/IL6/ gp130/JAK2/STAT, fibronectin-integrin, Gas6-Axl/Tyro3, PDGFR/FGFR/RET and TGFβR. 15 Their findings are of particular clinical relevance since the identified markers of the metastable mesenchymal state are also druggable targets. The concept of epithelial-to-mesenchymal plasticity (EMP) includes EMT as well as the reverse transition; the mesenchymal-to-epithelial transition (MET), and indicates that tumour cells may exist in different stages along an epithelial to mesenchymal axis. Their ability to transit between the different states, i.e., to exist in intermediate states harbouring characteristics of both epithelial and mesenchymal cells is a hallmark of the most aggressive and therapy resistant cells. 5, 16, 17 Multiple studies have broadly linked mesenchymal traits to drug resistance in different cancer types and against various cancer therapies including both chemotherapy and targeted therapies, implicating EMP as a key mediator of drug resistance. 4, 8, [10] [11] [12] [13] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] These studies highlight the fact that tumour plasticity enables phenotypic flexibility that underlie immune evasion, metastasis and acquired drug resistance, and impede durable treatment responses in patients. Two recent studies have challenged the necessity of EMT for metastasis, and highlighted the requirement of EMP in chemoresistance. 23, 24 For example, Zheng et al. reported that genetic deletion of the EMT transcription factors Snail or Twist in KRAS-driven mouse models of spontaneous invasive pancreatic ductal adenocarcinoma (PDAC) did not affect metastasis, but increased sensitivity and overall survival in response to gemcitabine treatment. 24 EMT was associated with reduced PDAC cell proliferation and drug transporter/concentrating protein expression (equilibrative nucleoside transporter 1 (ENT1), concentrating nucleoside transporter protein (Cnt3)) thus protecting tumours from the anti-proliferative effects of nucleoside analogs such as gemcitabine. Fischer et al. established an in vivo EMT lineage-tracing mouse model to monitor epithelial plasticity in mice. 23 In this system they observed a small proportion of cells within an epithelial primary tumour that underwent EMT, and these cells preferentially survived cyclophosphamide treatment due to reduced proliferation, apoptotic tolerance and increased expression of genes related to chemoresistance. 23 26 The multifunctional cytokine TGFβ is a major EMT inducer that is upregulated in several carcinomas and therefore considered a good target for therapeutic intervention. 26 However, some TGFβ inhibitors have shown cardiovascular toxicity in preclinical studies. 27 In hepatocellular carcinoma cells, TGFβ receptor inhibition was shown to block mesenchymal invasiveness and increase the expression of E-cadherin in vitro.
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In a subsequent phase I clinical study in glioblastoma the small molecule TGFβ receptor inhibitor LY2157299 demonstrated clinical benefit with no significant cardiac adverse events, 30 and this inhibitor is currently in phase II clinical trials for patients with advanced hepatocellular carcinoma (NCT02178358, NCT01246986). A study by Tanaka et al. attempted to disrupt mesenchymal prostate cancer tumour cells by blocking the mesenchymal adhesion receptor N-cadherin with a monoclonal antibody. Results from this experiment showed that this strategy slowed the growth of xenografts, blocked local invasion, metastasis and castration resistance in vivo, and at high doses the compound led to complete regression of the xenografts. 31 The Axl receptor tyrosine kinase, which is correlated with poor outcome and drug resistance in many cancer types, was shown to be necessary for maintaining tumour EMP. [32] [33] [34] [35] [36] [37] Multiple recent studies report that inhibition of Axl resensitizes cancer cells to cytotoxic and targeted cancer therapies in vitro and in vivo. 36, [38] [39] [40] [41] [42] [43] [44] Several compounds targeting Axl receptor are currently in clinical development. While most of these drugs are multi-kinase inhibitors, the small molecule inhibitor BGB324 was specifically developed to target Axl and is currently in clinical trials (NCT02488408, NCT02872259, NCT02424617). 45 
Dynamic tumour microenvironment in drug resistance
As briefly mentioned above, a tumour is much more than just bulk cancer cells. The tumour microenvironment comprises numerous normal cell types, extracellular matrix (ECM) components, and soluble growth factors. In healthy tissues, the microenvironment is a barrier to tumourigenesis by maintaining differentiated cell states and defined spatial boundaries. 46 However, during cancer development, the breakdown of normal tissue architecture subverts this tumour suppressive function and the microenvironment is coopted by malignant cells and transformed into a supportive niche. [47] [48] [49] It is increasingly appreciated that a dynamic tumour microenvironment facilitates many steps in the tumour development including cancer initiation, growth and metastasis. 47, 50, 51 Indeed, the crosstalk between tumour and surrounding cells as well as the role of the ECM compartment, are important factors that contribute to both tumour development and therapy resistance. Normal cellular function is directed by cell-cell interactions, cell-ECM interactions, physiochemical properties of the microenvironment, and presentation of soluble factors. Novel combinations of biochemical and biophysical signals from the cell-cell and cell-ECM interactions in the tumour microenvironment regulate responsiveness to growth factors that determine cell behaviours and affect cancer therapy responses. 52 The tumour microenvironment also determines therapeutic efficacy by influencing tumour blood flow, lymphatic drainage and intra-tumour pressure gradients. 53 ECM proteins constitute significant barriers to interstitial drug transport by being a source of physical resistance to diffusional transport. 53, 54 An animal study in pancreatic ductal adenocarcinoma showed that degradation of stroma by enzymatic destruction of hyaluronan led to improved drug delivery and increased efficacy of the traditional chemotherapeutic agent gemcitabine. 55 
Stromal cells as drivers of drug resistance
Cancer cells secrete cytokines and chemokines that recruit stromal cells to the tumour. The tumour microenvironment comprises various stromal cell types including fibroblasts, pericytes, vascular cells and cells of the immune system. The tumour supportive cancer-associated fibroblasts (CAFs) and pericytes secrete growth factors that support cancer cell proliferation, evasion of apoptosis, tissue invasion and metastasis, 50 and also pro-inflammatory and pro-angiogenic CAF-derived factors promote tumour growth. 47, 50, 56, 57 In order for a tumour to grow beyond the critical size of a few millimetres, the tumour cells must stimulate the sprouting of blood-and lymphatic vessels in order to ensure continued access to nutrients and oxygen and efficient waste exchange required for further growth. In general, tumours are characterized by a less organized and leakier vasculature than normal tissues that is reflected in lower blood flow and decreased drug delivery. 53 Larger tumours usually display lower density of blood vessels in the centre compared to periphery making a heterogeneous drug distribution within larger tumours. Anti-angiogenic therapy has been suggested as a strategy to target the tumour microenvironment. Tumours induce angiogenesis by secreting various growth factors such as vascular endothelial growth factor (VEGF) or angiopoietin (Ang-2) in response to hypoxia. The necrotic centres of solid tumours and the onset of HIF1alfa has further been suggested to aid in the onset of tumour plasticity programs including EMP, which affects therapy response in multiple ways as discussed above. Targeting these critical factors has therefore been suggested as a strategy to inhibit cancer-induced angiogenesis and normalize the blood-flow of tumours. For example, bevacizumab (Avastin) is a monoclonal antibody that inhibits vascular angiogenesis by binding to VEGF. Excessive production of VEGF contributes to leaky vasculature and anti-angiogenic therapies aiming to normalize the blood-flow can thereby also increase the delivery of chemotherapeutic drugs. However, the clinical efficacy of anti-angiogenic therapies targeting VEGF has not met its expectations in terms of increased overall survival, and anti-VEGF therapy has on the contrary been associated with increased drug resistance and metastasis. 62, 63 However, the anti-angiogenic inhibitor sunitinib that targets VEGFR and other tyrosine kinases involved in angiogenesis pathway was effective in the treatment of renal cancers. 64 A phase III randomized trial comparing sunitinib verses interferon-α demonstrated increased overall survival and progression-free survival with sunitinib as first-line treatment in patients with metastatic renal cell carcinoma (NCT00083889). 65 Immune cells are critical components of the dynamic tumour microenvironment. Recent evidence demonstrates the notion that the immune system eliminates precancerous cells, a process called immunosurveillance. 66 In fact, tumourpromoting inflammation and avoiding immune destruction represent two of the more recently established hallmarks of cancer. 67 This initially protective anti-cancer mechanism of immunosurveillance needs to be evaded by tumours in establishment, in order for the tumour to develop and progress.
Immune evasive cancer cells alter the tumour microenvironment and manipulate the immune cells of the innate and acquired immune system. Cancer cells and cells in the microenvironment can contribute to immune suppression of the host immune system in many ways, for example mediated by the immune suppressive properties of myeloid-derived suppressor cells and regulatory T-cells. 47 Tumour associated macrophages (TAMs) can promote invasion by secretion of EGF, 47 and chronic overexpression of inflammation mediators such as TNFα and TGFβ produced by TAMs are prevalent in cancer. Interestingly, it has been shown that certain types of traditional anti-cancer therapy including radiotherapy and several commonly used chemotherapies activate immunogenic cell death and require involvement of the immune system for efficacy. 68 Targeting the communication between cancer cells and immune cells in the tumour microenvironment to unleash an efficient elimination of tumour cells by immune effector cells is currently a main focus in oncology. 69 For example, androgen blockade therapy was shown to induce expression of macrophage colony-stimulating factor 1 (CSF1) and other cytokines recruiting and modulating TAMs resulting in increased TAM infiltration in a prostate cancer animal model. 70 Targeting the receptor CSF1 in this model reverses macrophage-mediated resistance to androgen blockade therapy. 71 Importantly, a recent study highlighted an overlap between melanoma resistance to immunotherapy and small molecule BRAF inhibitors suggesting a broader role for immune editing in acquired drug resistance. 72 Many soluble factors, including growth factors, hormones and cytokines (including chemotactic cytokines; chemokines) are secreted by tumour cells and other cells in the tumour microenvironment such as CAFs or TAMs, mediate drug resistance. For example, stromal cell-derived factor 1 (SDF1) enhances tumour cell pro-survival and anti-apoptotic signalling pathways. In AML cells, SDF-1 mediated CXCR4 activation was shown to induce resistance to cytarabine. 73 Soluble factors including EGF, PDGF and TGFβ also induce EMT, as discussed above, which is associated with drug resistance. In addition, TGFβ also stimulates CAFs to produce collagen I which indirectly is coupled with resistance because higher collagen content gives higher stiffness and decreased drug delivery. 49, 74 In summary, reciprocal interactions between tumour cells and reactive stromal cells create an unstable tumour microenvironment that triggers carcinoma cell plasticity gene programs, as discussed above which are related to normal regenerative epithelial homeostasis. A more comprehensive understanding of the crosstalk initiating these plasticity gene programs might substantially improve our ability to prevent development of aggressive malignancies, as well as to treat therapy resistant cancers with an EMT associated phenotype. Although still in its infancy, based on the recent clinical success in therapy resistant patients with advanced cancers, the emerging field of immuno-oncology holds great promise for the future treatment of cancer patients.
ECM as a driver of drug resistance
The ECM surrounding the cells consists mainly of polysaccharides and proteins. Common ECM components include collagen, laminin, fibronectin, and proteoglycans. Differentiation and maintenance of the different cell types require different signals that are restricted to a tissue specific microenvironment. Thus, the structure and function of ECM differ between different tissues, and the ECM components strongly affect the surrounding cells mediated by signalling through various cell adhesion molecules (CAMs). 51 Integrins are the major types of CAMs responsible for bi-directional cell-ECM interactions, and they have a remarkable ability to respond to chemical, biological and physical signals from the ECM. 51, 75 Binding of integrin receptor pairs to ECM induces a signal transduction critical for cellular functions including proliferation, survival, differentiation and migration mediated by multi-molecular complexes formed between the cytoplasmic domains of the integrin and proteins involved in cell signalling and adapter proteins providing connections to the cytoskeleton. 51 The ability to survive in the absence of normal [83] [84] [85] [86] Multiple studies support a role for ECM in mediating cancer responses to cytotoxic agents and targeted therapies. In acute myeloid leukemia (AML), interactions between VLA-4 on AML cells and stromal fibronectin blocked drug-induced apoptosis by daunorubicin and cytarabine, and this resistance mechanism was overcome by VLA-4 specific antibodies. 87 Matricellular proteins, ECM components whose primary role are not as structural components but as modulators of cell-matrix interactions, are correlated with drug resistance. 88 Osteopontin (OPN) has been shown to promote tumour progression and therapy resistance. In prostate cancer cells, OPN caused increased expression of P-glycoprotein (P-gp) and knockdown of OPN increased cell sensitivity to various therapies including daunomycin, paclitaxel, doxorubicin, actinomycin-D, and rapamycin. 89, 90 Secreted protein acidic and rich in cysteins (SPARC) facilitates cell-matrix interactions and is a crucial mediator of cellular crosstalk during tissue remodeling and wound healing, and SPARC expression has been linked to various types of cancer. 88 SPARC is associated with a highly aggressive phenotype in cancers such as melanomas and gliomas, while in others cancer types including ovarian, neuroblastomas and colorectal cancer it may function as a tumour suppressor. 91 It has been suggested that SPARC increase chemosensitivity by enhancing drug delivery to the tumour making SPARC a possible therapeutic target to overcome chemoresistance in some cancer types. [91] [92] [93] [94] In addition to the cellular response to chemical and biological properties of the microenvironment, cells sense changes in the stiffness, force and spatial geometry of the surrounding matrix through mechanotransduction. 49, 95, 96 The transcriptional regulators YAP/TAZ are key mediators of cellular mechanotransduction induced by ECM stiffness, cell geometry, and cytoskeletal tension, and are often upregulated in human malignancies. 97, 98 In general, the tumour microenvironment is considerably stiffer than normal tissue in which the tumours arise and higher ECM stiffness is hypothesized to be a driver of tumourigenesis. 99 
Increasing the expression of drug transporters
One of the obstacles behind successful chemotherapeutical treatment is the development of multidrug resistance (MDR). A well-established mechanism of MDR is the increase in the expression of a family of drug transporters, namely the ATP binding cassette (ABC) family of drug transporters. ABC transporters are ATP-dependent transporters which normal function is detoxifying and protecting cells from xenobiotics. 110, 111 Chemotherapy resistant tumours hijacking this mechanism, actively expel the cytotoxic drugs from cells, maintaining the drug concentration within the cells below the toxic level. 112, 113 Therefore, prevention of clinical multidrug resistance should significantly improve therapeutic response in a large number of cancer patients. The three most extensively characterized ABC transporters include ABCB1 (also known as MDR1 or Pgp-P-glycoprotein), ABCC1 (also known as MRP1) and ABCG2 (also known as BCRP or MXR). 112, 113 Furthermore, multiple studies have linked the increased expression of these ABC transporters to poor outcome in a wide range of cancer types. [114] [115] [116] [117] [118] [119] Despite this fact, development of pharmacological modulators of MDR transporters yielded three generations of compounds showing poor clinical response. First-generation compounds included drugs that were already in clinical use like verapamil, quinine and cyclosporine-A. These modulators were shown to inhibit ABCB1 but revealed to be ineffective and extremely toxic. The second-generation of inhibitors were developed to circumvent toxicity and increase potency. Examples are valspodar or cyclosporine D, but similarly to first-generation compounds, they all showed little success in the clinic. Third-generation inhibitors (e.g. zosuquidar or tariquidar) were designed for high-transporter affinity and low pharmacokinetic interaction. 120, 121 Tariquidar, for example, has been shown to inhibit ABCB1 with low toxicity alone or in combination therapy. However, most clinical trials showed disappointing results and we are still far from obtaining a compound that efficaciously modulates ABC transporters. One of the reasons that might be behind the failure of MDR inhibitors is their functional redundancy, as different transporter familymembers are often overexpressed in the same tumour. Latergeneration inhibitors were developed to target multiple ABC transporters, like biricodar that targets ABCB1 and ABCC1. Although, this approach might present itself as beneficial for ABCB1-negative tumours, it can also increase the number of side effects. 120, 122 In an effort to minimize toxicity, alternative strategies are being explored to inhibit the expression of this class of transporters. These include the use of targeted antibodies/peptides, the use of nanoparticles capable of selectively deliver compounds to tumour cells or RNA interference (RNAi). The latter, appears to be an emerging application in cancer therapy. Unlike small-molecule drugs, which inhibit the mutant proteins that drive tumour growth, RNAi treatment inhibits protein production with great specificity. Several studies have successfully used this system to transcriptionally regulate ABCB1 expression with high specificity, although safe and efficient delivery of these constructs remains a limitation.
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Activating redundant and alternative signalling pathways
Another major mechanism of resistance to targeted chemotherapeutic agents is the activation of redundant or alternative signalling pathways that effectively control cancer cell growth and survival. This is often achieved as part of tumour phenotypic transitions (see above). Currently, the most druggable oncogenic drivers are kinases, including cell surface receptor tyrosine kinases 125 129, 130 To circumvent this problem, an alternative would be to include HER3 therapeutic inhibitors in combination with HER2 targeted drugs and PI3K inhibitors. However, the development of HER3 specific drugs has been challenging since HER3 lacks a functional kinase domain. As an alternative, HER2 specific antibodies, trastuzumab and pertuzumab, can be used to target the HER2-HER3 dimer. The formation of this dimer is essential to drive breast tumour formation and maintenance. 131, 132 Another good example refers to vemurafenib, an ATPcompetitive RAF inhibitor that is commonly used in melanoma patients. The majority of these patients exhibit constitutive activation of the ERK pathway and a frequent number (50-70%) is due to the presence of a missense mutation of codon 600 in BRAF leading to the substitution of a valine for a glutamate (BRAFV600E). 133 Patients harbouring this mutation and treated with RAF inhibitors very often relapse after initial response to treatment. PTEN loss appears to be concomitant with V600E mutations in 10-30% of patients. The tumour suppressor PTEN negatively regulates PI3K signaling pathway, a main regulator of cell growth, metabolism and survival. Intriguingly, RAF inhibitors have a paradoxical activating effect on the RAF/MEK/ERK pathway when wild-type BRAF is expressed instead of the mutant form. [134] [135] [136] One way to overcome this problem would be the administration of a MEK or ERK inhibitor in conjunction with the RAF inhibitor. 137 However, Miller et al., 138 recently reported that MEK inhibition in melanoma decreases the activity of surface metalloproteases responsible for the proteolytic shedding of RTKs, including HER4, c-Met and AXL. The resultant increased RTK expression drives bypass signaling and acquired resistance to BRAF/MEK inhibitors. Selective targeting of AXL or disrupting surface protease inhibition reversed this acquired drug resistance established at a post-translational level. A different study by Montero-Conde et al. described that the majority of BRAF-mutant thyroid cancer cell lines show a transient RAF inhibition when treated with vemurafenib, and that this is largely due to HER3 activation. 139 Rapamycin also known as sirolimus, is an inhibitor of the mammalian target of rapamycin (mTOR) and has been shown to have anti-cancer properties. Recognition of these properties and the fact that mTOR pathway is often deregulated, led to the development of drug analogues that could act as chemotherapeutic agents against different types of tumours. Despite promising clinical benefits, resistance to rapamycin or other rapalogs is one of the reasons for the limited anti-cancer efficacy. The majority of the resistance mechanisms associated with this drug refer to context-dependent feedback loops. mTORC1 inhibition leads to upregulation of receptor tyrosine kinases (RTKs or substrates) such as platelet-derived growth factor receptors (PDGFRs) and insulin receptor substrate 1 (IRS-1), resulting in increased PI3K-dependent AKT phosphorylation (Ser473). 140, 141 A study from
Carracedo et al. showed that mTORC1 inhibition by RAD001 (rapamycin derivative) leads to PI3K-Ras activation and consequent mitogen-activated protein kinase (MAPK) signaling activation. 142 These findings limit the potential of combined therapy using mTORC1 and MAPK inhibitors in the clinic.
Inhibition of DNA damaging repair
The capacity of tumour cells to recover from DNA damage after cancer treatments, such as radiation and chemotherapy, may play a crucial role as a drug resistance mechanism. 143 In order to survive, cells must protect and repair their genome from insults to their DNA, especially from double-strand breaks (DSB), which are very cytotoxic. The DNA damage response (DDR) is a well-orchestrated network of proteins constituting a signaling pathway that aims to detect DNA defects, repair them or induce cell cycle arrest to allow time to repair, or apoptosis in order to prevent propagation of damaged cells. 143, 144 The DDR consists of sensor proteins that detect the DNA damage and recruit signal transducing proteins increasing the signal to the effectors which will then be responsible for the adequate response to the type of damage. 144 Under physiological circumstances, DNA repair is characterized by redundant pathways that aid in the maintenance of genomic stability. But as tumour cells progressively accumulate defects in DNA and DNA repair mechanisms, some DNA repair pathways become dysfunctional whilst others are maintained and even over-activated, very often contributing to intrinsic and acquired resistance to DNA disrupting cancer treatments. 145 Thus, inhibition of key components of these pathways has the potential to prevent the emergence of therapy resistance. Most tumours rely on a single functional pathway that can be targeted therapeutically (chemo-and radio-sensitization). 146, 147 Defects in a particular DDR-pathway may lead to a dependence on a complimentary pathway. Thus, inhibition of this complimentary pathway may induce tumour cell specific killing. A strategy commonly used is to target a main DNA repair pathway, knowing that those tumour cells display a dysfunctional alternate pathway, therefore causing tumour cell death (synthetic lethality). Synthetic lethality can be defined as cell death caused by inactivation of two genes simultaneously, whereas inactivation of either gene does not alter the cell viability, and this can be applied to target specifically tumour cells. 148 One successful example refers to the poly(ADP) ribose polymerase (PARP) inhibitors. These inhibitors prevent normal function of the base excision repair (BER) pathway, leading to an increase of single-strand breaks that consequently will stall replication forks and cause the appearance of double-strand breaks. These latter, cannot be repaired by homologous recombination (HR) pathway in the context of BRCA-mutated cancers. 145, 149 The most successful PARP inhibitors are olaparib, veliparib and niraparib. Olaparib is approved for monotherapy in relapsed BRCA-mutated ovarian cancer patients 150 and is currently in clinical trials for combined therapy. 143 Veliparib is presently in phase 3 clinical trials and shows promising biological activity and tolerability. 151 Niraparib is currently being tested in BRCA-mutated ovarian cancer patients following conventional chemotherapy. This study is currently in phase 3 clinical trials and the outcome of this study will definitely shed some light on the efficacy of this drug. 152 Additionally, these inhibitors are being tested as combined therapy in BRCAmutated ovarian tumours, and more recently, also being tested in non-mutated BRCA tumours, of which a subset of the tumours have responded well to PARP inhibitors. 143, 152 To target the DDR signaling pathway, several other types of inhibitors against DDR main players are currently being investigated. ATM (ataxia-telangiectasia mutated) is activated by DSBs and will affect cell cycle and cytotoxicity by phosphorylating downstream targets such as Chk2 (checkpoint kinase 2) and p53. KU-559403, currently at pre-clinical stage, is the first potent and specific ATM inhibitor with adequate solubility and bioavailability to allow for in vivo studies, confers radiosensitivity in vitro, and improved anti-tumour activity of etoposide and irinotecan in xenograft models. 153 DDR sensor proteins, after detection of foreign DNA damage in the cytoplasm, can activate the immune system response 159 and persistent DNA damage signaling can trigger a chronic inflammatory response and even tumourigenesis. 160 For example, Ku70 and DNA-PK after detecting foreign DNA, will lead to an increase of IFN-λ1 production by Ku70, and IFN-β, cytokine, and chemokine genes by DNA-PK. Furthermore, PARP-1 affects TNFα, IL-6, and iNOS, leading to NF-κB transference to the nucleus. 159 
Activating prosurvival signalling
Cells displaying increased resistance to stress are characterized by the requirement for higher levels of apoptotic stimuli for cell death to be induced. A wide range of alterations may account for the ability to evade apoptosis including protein tyrosine kinases (PTKs) and their downstream pro-survival mediators (i.e. Erk, AKT) significantly contribute to drug resistance, 162 as does inactivation or downregulation of prosurvival molecules (i.e. Fas receptor, Bax). EGFR signal transduction involves both PI3k/AKT and STAT pathways that enhance pro-survival traits. PI3K activates AKT that subsequently affects regulators of apoptosis and downregulates p53. Overexpression of EGFR or mutated PTEN (one of the most commonly lost tumour suppressors) increases AKT activity that modulates chemotherapy-induced apoptosis. Ovarian cancer cells with upregulated AKT were highly resistant to paclitaxel, contrasting with cancer cells expressing low AKT levels. 163 Therapies targeting EGFR have resulted in limited clinical success, in some cases less than 10% of the patients showed a positive response when treated with cetuximab or panitumumab as single agents. This can be due to resistance mechanisms such as mutations in the KRAS gene and other components that interact with the EGFR pathway. 164 However, combined therapies are being investigated namely with the ADAM17 inhibitor INCB3619, a sheddase enzyme that regulates RTKs. 165 Other studies are investigating low molecular weight compounds and monoclonal antibodies that target ADAM17, such as INCB7839 and MED13622 respectively. The first blocks enzymatic activity and the latter blocks the release of ADAM17 substrates. Indeed, a phase I/II clinical trial is currently evaluating the efficacy of INCB7839 in combination with rituximab when administered to patients with diffuse large B cell non-Hodgkin lymphoma (NCT02141451). 166 STAT proteins transcriptionally activate their target genes according to signalling originated from cytokine and growth factor receptors. 167 STATS are often activated in many cancers 167 and it has been demonstrated that STAT3 can induce Bcl2 overexpression, preventing apoptosis that would otherwise be induced by chemotherapy in breast cancer cells. 168 Inhibiting STAT3 in head and neck cancer cells increases sensitivity to the effects of 5-FU. 169 Although promising, no targeted STAT3 inhibitors have yet been approved by the FDA for use in the clinic. Pre-clinical small molecule STAT3 inhibitors are currently under investigation, such as S31-201 (NSC74859) that specifically inhibits STAT3 by preventing its phosphorylation and dimerization. 170 Another prosurvival signalling mechanism involves NF-kB, a transcription factor that inhibits apoptosis, promotes cell proliferation and is activated by AKT. 171 NF-kB is activated in various cancer cells targeted by several drugs, namely 5-FU, cisplatin, doxorubicin and paclitaxel, and it seems to be a critical player in preventing cell death induced by chemotherapy. Patients suffering from oesophageal cancer exhibited decreased clinical response to combined therapy (chemotherapy and radiation therapy) when they displayed high levels of activated NF-kB. 172 Clinical trials have been investigating bortezomib, a proteasome inhibitor that inhibits NF-kB by preventing NF-kB translocation to the nucleus 173 and established results regarding bortezomib administration in B-cell malignancies against NF-kB also confirmed its efficacy. 174 Inhibiting NF-kB pathway may then be a good strategy to tackle drug resistance by increasing tumour sensitivity to apoptosis-inducing therapy. Overall, improving our understanding of the molecular mechanisms of anti-apoptotic and prosurvival signalling will hopefully lead us to improve clinical outcome for cancer patients by enabling clinicians to stratify the patients with predictive biomarkers followed by combined therapy that also target the activated prosurvival signalling pathways.
Autophagy
The role of autophagy in chemotherapy resistance has emerged in several cancers, particularly later tumour development. 175 The autophagy process, denominated autophagic flux, is a conserved adaptive cellular survival mechanism that begins with a membrane vesicle (phagophore) that envelops cellular components and organelles to form a mature autophagosome. This structure fuses with the lysosome, allowing degradation and eventual release of constituents into the cytoplasm for anabolic recycling. [175] [176] [177] [178] Autophagy is essential for cell survival in response to cellular stress elicited by hypoxia, genomic instability, endoplasmic reticulum stress, and nutrient depletion. 177 During malignant progression, tumour cells experience multiple forms of metabolic stresses that are exacerbated by anti-cancer treatment, resulting in upregulated autophagy processes that stimulate cell prosurvival and resistance mechanisms towards anticancer treatments. 177, 178 Indeed, autophagy is strongly correlated with tumour plasticity and drug resistance. A good example refers to autophagy induction by Aurora kinase A inhibition that ultimately triggers drug resistance in breast cancer. 160, 179 Autophagy is regulated by metabolic processes including ER stress and glucose deprivation, as well as by molecular processes such as PI3K/mTOR, AMPK and p53 signalling pathways. 180, 181 The process of autophagy is mediated by several autophagy gene (ATG) effector proteins, and many interact with mTORC1 and AMPK proteins. PI3K/mTOR pathway is often upregulated in cancer, which inhibits autophagy, however AMPK will inhibit mTOR under starvation stress hence promoting autophagy during tumour growth. 175 Among the several strategies to improve anti-cancer therapy, combining chemotherapy or targeted therapy with inhibitors of autophagy increases tumour sensitivity to treatment and may improve clinical outcome. 175, 178 Inhibitors of autophagy include substances that inhibit endosomal acidification, or prevent fusion of autophagosomes with acidic endosomes by inhibiting the proton pump, and are currently being studied. 182 Particularly, some clinical trials are evaluating the effects of autophagy inhibition combined with chemotherapy against solid tumours, using hydroxychloroquine (HCQ) that impairs lysosomal function and autophagic flux. However the HCQ therapeutic dose is currently a limiting factor due to side effects such as nausea and abdominal pain. 175 As such, more potent autophagy inhibitors are needed and some compounds are being studied, such as Lys05, a lysosomal autophagy inhibitor that is a chloroquine derivative that is more potent and effective, 183 and liensinine which is a isoquinoline alkaloid that inhibits late-stage autophagy by blocking autophagosome-lysosome fusion. 184 Targeting autophagy to improve clinical outcome on anticancer therapies may thus become an encouraging therapeutic approach.
Conclusions
Resistance to conventional and targeted anti-cancer drugs is a major obstacle in successful therapy of cancer. The identification of molecular mechanisms involved in drug resistance or sensitization to targeted therapy is of enormous clinical importance. Today's era of targeted therapeutics and personalized medicine, and now effective immune therapies, achieving durable clinical responses will require mechanistic understanding of underlying causes of acquired resistance. New therapeutic modalities are needed to address these mechanisms. In recent years, significant progress in understanding the molecular basis of resistance to targeted therapies has been made and many overlapping mechanisms underlying the resistance to both standard chemotherapeutic drugs and to targeted agents have been identified. As a result an increasing number of therapeutic strategies to overcome resistance have been proposed or are being tested. Means to inhibit EMT induction, promoting MET or depleting cells in the mesenchymal cell state have been reported. As the tumour microenvironment has been increasingly recognized as a key contributor for drug resistance, agents specifically directed against targets in benign cells in pathologically active niches have become an attractive therapeutic option. On the other hand, inhibitors of activated redundant pathways or alternative components of survival signaling, as well as agents capable of interfering with autophagy might increase sensitivity to treatment and improve clinical outcome. Many of these therapeutic options are being evaluated as part of combination therapies in the clinic and can open new avenues of effective cancer treatment.
